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ABSTRAC

An approach, based upon the use of a Kalman filter, that 1s c arrently emploved ai the Jo
I'repulsion i.aboratory (JPL.) 10 | combining independentmeasurements of the Earih's orientation s
presented. Since changes in the Earth's orentation can be described as being forced by a randoiniy
excited stochastic process, theuncertainty inous knowledge of the farth orientati on para meters
grows rapidly in the absence Of measurements. The Kalman filter methodology allows for an
objective accounting of this growth in the uncertainty between measurements of the Barth
orientation” parameters, thereby facilitating the intercomparison of measurements taken at different
epochs (not necessarily uniformly spaced in time) and with different precision. The specific design
of the J] ’I. Kalman filter for Earth orientation was dictated to a large extent by the presence of
degenerate data types. lunarlaser ranging observations from a single station, o1 Vi. B!
obser vatons from a single bascline, are only able to determine two independent components of the
Farth's ortentation. Since the elements Of the covariance matrix associaied with the degencrate
component cannot be properly defined numerically, the Kalman filter was designed 1o use the
information matrix (the inverse of the covariance matrix). Priot to combining the independent
measurements Of the Earth orientation parameters, corrections to their bias, rate, and stated
uncertainty are determined and applied. in order to avoid subjectively choosing a reference series,
these. corrections arc determined in an iterative fash ion wherein each series is compared to a
combination of all others. The corrected series are then combined and placed within a specific
IERS ieference frame. As an example of this approachto combining Earth orientation series, «

description IS given Of a combination that has been generated recently at | Pl., namely, SPACE9S.

INTRODUCTION

A new fieldin the geophysical sciences has recently emerged, namely, that of space

geodesy. Anintegral part of geodesy has always been the definition and realization of aterrestrial,



body-fixed reference frame, a celestial, space-fixed reference irame, and the determination of the
Farth orientation parameters (precession, nutation, spin, and polar motion) that link these two
reference frames together. But with the advent of space geodesy- with the placement of taser
icto-reflectors on the Moon by Apollo astronauts and Soviet landers, the taunch of the L Ase
GEOdynamics Satellite (LAGEOS), and the development of Very Long Baseline Interferometry
and the Global Positioning System-- a quanturn leap has been taken in our ability o reaiize the
terrestrial and celestial reference frames and to determine the Earth onientanion parameters

Fach of the modern, space-geodetic weehniques of Lunar Laser Ranging (LR, Satelhie
Laser Ranging (S1.R), Very Long Baseline Interferometry {VEBL, and the Global Positoning
Systeni (GPS) is able to determine the Earth orientation parameters  But cach technique has itx
own unigue strengths and weaknesses e this regard. Not only 1s each technique sensitive o &
different subset and/or linear combination of the Earth orientation parameiers, but the averaging
time for their determination is different, as is the interval between observations and the precision
with which they can be determined. By combining the individual Earth orientation series
determined by cach technique, a series of the Earth's orientation can be obtained thatis basedupon
independent measurements and that spans the greatest possible time interval. Sucl | a combined
Farth orientation series 1S useful for anumber of purposes, including ii variety of scientific studies.
andasanapriori series for use in data reduction procedures. However . care must be takenin
generating such a combined series in order to account for differences in the underlying reference
frames within which each individua series is determined (which can lead (o differences in bias and
rate between the Farth orientation series), as well as to properly assign relative weights to each
observation prior to combination. The issues and concerns surrounding the combination of Earth
orientation series is the subject of thisreport [see also Gross, 1996a]. As a framework in which to
discuss these issues and concerns, a description will be given of the determination of a particular
combination, SPACE95[Gross,1996b], that has been generatedrecentl y at the Jet Propulsion
Laboratory (JPL) from the space-geodetic Earth orientation series listed in Table I. Other

approaches to combining Earth orientation series have been discussed by Vicente and Wilson



[1986], Archinal [1988], Babcock [1988), Wilson and Vicente 1 9881, McCarthy and Luzum

(1991, 1996]. and TERS {1995, sccuon 11-41].

SPACE-GEODETIC HAI<'I'] fORIENTATION SERIES

Satellite Laser Kangmg

Inthe techmque of satellite laser ranging, the mind rip tune-of-flight of taser lighipulses
are accurately measured as they arc emitted from alaser system located at some ground-based
observing station, travel through the Earth's aimosphere to some artificial satellite orbitiug the
farth, ate reflected by rctto-reflectors tamed onboard that satelhite, and return to the sare
observing station from which they were emitted [e. ., Lambeck, 1988, chap. 6]. This time-of-
flight range measurement IS converted into a distance measurenient by using the speed of light and
correcting, for avariety of known or modeled effects such as atmospheric path delay and saiellite
center-of-mass offset. Althougha number of satellites carry rctr’ o-reflectors for tracking and
navigation purposes, thel. AGEOS satellite IS most commonly used for the determination of the
Earih orientation parameters since it was specifically designed and launched to study this and other
geodetic properties of the Earth [e.g., Christodowlidis et al., 1985; Cohen and Smuth, 1985}

The Earth orientation parameters are recovered from the basic range measurements in the
course of determining the satellite’s orbit. The basic range measurement is sensitive to any
geophysical process that changes the distance between the satellite and the observing station, such
as displacements of the satellite ducto perturbations of the Earth’s gravitational field, motions of
the observing station duc to tidal displacements or plate tectonics, or a change in the orientation of
the Earth (which changes the location of the observing station with respect to the satellite). These
and other geophysical processes must be modeled when fitting the satellite’s orbit to the range
measurements as obtained at a number of globally distributed tracking stations. Adjustments to the

a priori models used for these effects can thenbe obtained during the orbit determination



procedure, thereby enabling. forexamplc, the determination of the Earth orienation parameters
fe.g., Smith et al., 1985, 1990, 1991, 1994, Tuplev et al., 1985, 1993].

A numbcr of organizatio ns, including groups at Goddard Space Flight Center (GSFC), the
University of Texas at Austin Center for Space Research (UTCSR), and the Delft Umversity of
Technology (DUT), currently determine the Earth orientation parameters trom LAGEOS ratge
measurements  Since each of these groups uses the same basic Set of 1. AG EOS range
measurements, their results arc not completely independent of cach other even though then
subsequent data editing and processing procedures arc different. forthe purpose of corabiniing
fiarth orientation series, it is desirable to combine only completely independent determinatio ns of
the Farth's orientation. Thus, in generating SPACE9S, only one SI.R data set was used, namely,
that determined at the University of Texas at Austin Center for Space Research.

The particular UTCSR SLLR Earth orientatio n data set used in gener ating SPACE9S is the
series designated EOP(CSR) 95 L. 01 [Eanes and Watkins, 1995]. This series consists of values
for universal time (UT1) and the x- and y-components of polar motion (PMX and PMY,
respectively) spanning May 19, 1976 to January 28.1995. 1 lowever, because the first few values
of this series have larger than usual stated uncertainties and averaging intervals, only those values
after October 2, 1976 were used in generating SPACE9S Also, only the polar motion values of
this series have been used in generating SPACE95.  The UT ldeterminations were. not
incorporated into SPACE9S since their long period behavior has been constrained to that of the
a priori series [Fanes and Watkins, 1995), andhence are not entirely based upon range
measurements as are the PMX and PMY values. It is difficult to separate variations in UT1 from
variations in the orbital node of the 1. AGEOS satellite due to the effect of unmodeled forces acting
onthe satellite [e. 9., Lambeck, 1988,scc. 6.3.5], so that both these quantities cannot be
simultaneously estimated without making additional assumptions. Solutions for these quantities
arc obtained by assuming that the effects of the unmodeled forces are such that they cause the
orbital node to vary slowly, and that rapid variations therefore reflect UT 1 behavior. kence, the

sow UT! variations are not adjusted, but arc constrained to those of the a priori series. The
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Kalman filter used at JPL to comb ine Earth oricntation series (see below) does not currently have
the capability of separating the measured rapid UT 1 variations from the constrained siow
variations. Thus, to insure that only independent determinations are incorporated into the
combined Earth orientation series, the UTCSR SLLRUT | values have not been used  The proper
corporation into the Kalnan filter of the rapid SR UV variauons (but not the slow vartauons
is currently under study.

Lunar Laser Runging

The technique Of Junar laser ranging is similar to that of satellite laserranging except tha
the laser retro-reflector 1s located on the Moon, rather than on some ai tificiai sateliie {e. g.,
Mulholland, 1980; Lambeck, 1988, chap. 71. 1.unar faser ranging is technically more chailenging
than satellite laser ranging because of the need to detect the much weaker signal that is returned
from the Moon than from the much closer artificial satellite. Larger, more powerful laser systeins
with more sophisticated signal detectors need 1o be employedin LLR; consequently, there are far
fewer stations that range to the Moon than range to 1. AGEOS in fact, therc arc currently only two
stations that regularly range to the Moon: Mchonald Observatory in Texas and the CERGA station
i Grasse, France.

The Earth orientation parameters are typically deter mined from lunar laseiranging by
analyzing the residuals at each station after the lunar orbit (and other parameters such as station and
reflector locations) has been fit to the range measurements from all the stations [e. g., Stoiz et al.,
1 976; Langley et al., 198 1; Dickey et al., 1985, 1994; Newhall et al.,1988; William et al., 1993;
Whipple,1993]. From this single station technique, two lincar combinations of UT 1 and the polar
motion parameters PMX and PMY can be determined, namely, UT0 and the variation of latitude
(VOL) at that station. A number of organizations, including groups at the University of Texas
McDonald Observatory and at the Jet Propulsion 1 .aboratory, cutrently determine UT0 and the
variation of latitude from lunar laser ranging. But all such determinations are based upon the same
set of range measurements and arc therefore not completel y independent of each other, eventhough

the subsequent data editing and processing procedures employed by each analysis center are



different. Since it is desirable to combine only independent Farth orientation results, only one | 1.R
solution has been included in SPACE9YS, namely, that determined at JPL.

The particular JPE. LLR scoes used in generating SPACE9S 1S an updated version o3
EO PPL) 95 M Ol (Newhall et al., 1 995]. This series consists of valuesfor 11°1°0 and the
varfation of latitude as dectermined from observations taken by theLLLLR station at Haleakals
Observatory in Hawaii (spanning February 10, 1985 to August] 1, 1990), bythe CERGA system
in Grasse, France (spanning April 7,1984 to December 14,1995), and by the three Li.R siations
that have been tocated at McDonald Observatory in Texas (collectively spanning April15,1970 to
December 28,1995). Llowever, in generating SPACEIS, the 1.L1.R UTO0 and VOI. determinations
made 11 om observations taken prior 1o October 2, 1976 have not been used. Potar motionvalues
arc nceded to convertthe LLR UTO measurements to UT 1 {sec equation ( 1) below | Since regular
sk-acc-geodetic measurements are not available for all three Earth orientation components before ihe
SLLR serics begins, and since only those S1 .R measurements since October 2,1976 have been used
in gencrating SPACE9S (see Table | and the above section on Satellite 1.aser Ranging). no Li.R
measurements made prior to this date have been used in SPACH9S.

The two Earth orientat ion parameters UTO0 and VOl are related to 11’1’1 and the polar
mouon parameters PMX and PMY by the well-known expre ssions [€. @., Moritzand Mueller,
1988, p. 425]:

Ag1) = x,(1) cosA, — y,(1) sind, (1a)

UTO() ~TAI() = U0 + x,(1) sind; tang; + y,(1) cosA; tang, (1b)

where Ag, iSthe variation of latitude observed at the station i that is located at nominal latitude #i
and castlongitude Ai, the observed UTO at that Station is designated UTO(t) — TAI(r) where TAI(r)
is a reference time scale based upon atomic clocks, the variable U(r)is defined by
U)=UTI(t) - TAI(1), and x, and y,, arc the polar motion parameters PMX and PMY,

respectively, with y,, being positive towards 90° W longitude. A third linear combination £2:(?) of

6



the UTPM parameters (PMX, PMY, UT1), representing that component of the Earth's ortentation
that cannot be determined from LI.R observations at the sigle station ¢, s given by:

DA = UG sing, — x,(1) sind, cos@, = y,(1) cosA, cosg, . Qe

This third, degenerate, component of the Earth's orientation represents changes in the orientator

of the Earth resulting from a rotation of the Earth about an axis defined by the location of the

station and the origin of the terrestrial reference {rame (that is, about the position vector of the

stat1on)

In the Kalman filter it 1< necessary to be able to readily transtorn between the opserved

U0, VOL. values and the corresponding UTPM values. This 18 most conveniently accomplished

by means of a transformation matrix. However, the system of equations (11 does not lend itself o

this sice the transformation matrix that resuits is not orthogonal. A proper (that 1s, orthogonal)

transformation matrix is obtained upon defining a new parameter UTF, related to the observed
UTOL1) . TAI(1) by:

UTF (1) = cosg, (IO — TAI() (2)

The transformation between the. UTPM parameters and the VUL) parameters ( Ag,, UT#;. D) can

then be written in matrix form as:

Ap 1) cosh, —sinA, 0 X0
UTE(D | = | sind;sing,  cosd, sing, cosd, ¥ ! (3)
D) —sind; cos¢), —cosd; cosg; sing, )\ y(r) J

whereitis easily shown that the resulting 3x3 transformation matrix is orthogonal. Unit vectorsin
the A¢i, UTF;, and D directions of Earth orientation parameter space form a triad Of orthonormal
base vectors that span this paramcter space. Note that in the system of equations (1) or (3)the
Earth orientation parameters arc all assumed to have the same units. If the mcasured values [e.g.,
UT0(1) - TAI(1) anti Ag{D)have different units, then they must be converted to the same units

prior to application of the transformation represented by (3).



Ir: the Kalman filter, besides transforming between the UITPM and VUD paramerers
themselves, itwill also be necessary to transforni therr respective covanance maiices s can b
accomplt shed using the 3x3 tra n sforma tion matrix defined by (3) once the staied unceramoes and
correlations of the measurements have beenconverted from those appropriate {or the measuied Ag,
and U70, - TAIto those appropriate for Ag, and UTF . To accomplish this (once the uaits of the
measuredUT0;- TAT values and uncertaintics have been changed to those Of A@)11sonty
necessary to convert the stated uncertamnties of the measured U70,  TA/ to those appropriaceior
UTF,by multiplying them by the same scale factor used in (2) to convert UT0, - TAl to UTF , that
IS, bycos¢, The correlation between A@; and UTF, IS the same as that bewween A@, and
170, -- TAl (correlations are unaffected by scale factor differences), and thus no conve rsion of the
stated correlat ions need be made

Very Long Baseline Interferometry

Radio interferometry is routinely used to make highly accut ate measurements of changes
LJ'I’1 and polarmotion with observing sessions lasuing from about an hour m a day. The Vi.Bi
technique measures the difference in the arrival time Of aradio signal attwo Or more radio
telescopes thai are simultancously observing the same distant source {¢. g., Shapira 1983,
Lambeck, 1988, chap. 8]. This techmique iS therefore sensitive to processes that change the
relative position Of the radio telescopes with respect to the source, such as a change inthe
orientation of the Earth in space or achange in the position of t hewelescopes due to, for example,
tidal displa.cements or tectonic motions. If just two telescopes arc observing the same sources,
then only two components of the Earth’s orientation can be determined. A rotation of the Earth
about an axis parallel to the baseline connecting the two radio telescopes dots not change the
relative position of the telescopes with respect to the sources, and hence this component of the
Earth’s orientation is not determinable from VI.BI observations iakenon that single baseline.

Multibaseline VLLB] observations with satisfactory geometry can determine all three components of

the Earth’s orientation.



A number of organizations, including groups at Goddard Space Flight Center, the Jei
PropulsionLaboratory, the US Naval Observatory, and the Geodetic Institute of the University of
Bonn currently determine Earth orientation parameters from VI.Bl measurements using their own
independent data processing and reduction procedures.  However, since many of the resulting
Barth orientation series are based upon the same set of VLB mcasurcments they are not enurety
independent of each other. Since it is desirable 1o combine only independently determined Earth
orientation parameters, only those writs described below have, been incorporated into SPATHGS

SGP/CDP  The VLBI group o f the Nauonal Acronauucs and Space Adnunistration
{NASA) Space Geodesy Program (SGP: formerly the Crustal Dynam tes Project (CDPY a
Goddard Space Flight Center conducts VI .Blobserving campaigns in order to study the arths
deformation and rotation [Clark et ai. , 1985,1987; Ryan et al., 1986, 1993; Ma er al. . 1993,
1994, i 995]). Using independent processing techniques they also reduce data taken under other
observing programs, including the National Earth Orientation Service (NEOS) and the
IRIS/POL.ARIS programs described below. The particular SGP/CDP FEarth orientation series used
i generating SPACE9S is designated by theim as G1.B973{ {Ma, personal communication, 19954,
spans August 4, 1979 to December 28, 1994, and consists of Earth orientation parameters
determined from both single baseline and multibaseline VI.BI observations

USNQO. As part of its participation in the National Earth Orientation Service [Eubanks ei
al.,1994], the US Naval Observatory (LISNO) conducts VI .Bl observing, sessions in order o
regularly monitor changes in the Earth's orientation. Series of Earth orientation parameters
determined from these observations, as wellas from observations conducted under other observing
programs such as the SGP/CDP and 1} <1S/1'01 .ARIS (sce below) programs, are produced by the
US Naval Observatory using their own data editing and reduction procedures [FEubanks et al.,
1994]. The particular USNO Earth orientation series incorporated into SPACE9S is their
"n9604 cop” series dated February 15, 1996. However, since this USNO Earth orientation series
is not entirely independent of the SGP/CDP GI.B973f series because they arc both largely based

upon the same set of VI.BImeasurcments, only (hat portion of the USNO series that does not
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overlap with the SGP/CDP GI .BY73f series was incorporated into SPAC E95, namely only thu
portionspanning December 29, 1994 (o February 7, 1996

IRIS/POLARIS. The POL.ar motion Analysis by Radio {nter ferometric Surveying
{(POL.ARIS) project was originally organized to monitor Earth rotation and ortentation using Vi.B8i
observations within the United Stateé\ [Carter, 1979, Carter and Strange, 1 979; Carter et al 1979,
1984; Robertson and Carter, 1982].'['he POLARIS network was latcr expanded toincludefurther
European involvement in the International Radio Interierometric Surveying (IRI1S) project{Carter
and Robertson, 1982, 1 986a, 1 986b: Robertsonand Cartey, 1985, Carter et al.. 1985, 1088:
Robertsor et al. ,1988]. In addition to these 24-hour sessions, regular single baseline obscrving
sesstons of -hour duration, the "Intensive” sessions orgually using the Westiord
(Massachusetis) anti Wettzell (Germany) radio telescopes butcurrently using those at Green Bank
(West Virginia) and Wettzell [Robertson et al | 1985), are conducted at quasi-daily imntervals tor the
purpose o { determining UT1 (the "Intensive” sessions are not currently conducted on Sundays, nor
on the day of the 24-hour multibascline NEOS session). Since the above SGP/CDP GLBY73{ and
USNO "n9604 cop” Earth orientation series include values determined from the IRIS/POI.ARIS
24-hour VI.Bi measurements, they arc automatically included in SPACE9S and no separate
IRIS/POI.ARIS series needs to be incorporated However, since neither the SGP/CDP G1.B973f
nor the USNO “n9604.cop” Earth orientation series include the “Intensive” [J1'1 valucs, they have
been included in SPACE9S by incorporating series of them determined at both the USNO and the
National Oceanic and Atmospheric Administration (NOAA). The particular NOAA "Intensive’
UT1 series chosen for incorporation into SPACE95, EOP(NOAA)9SR 02 [Ray er al.,1995],
spans April 2, 1984 through December 3i, i 994. in addition, that portion of the USNO
"Intensive" UT1 series "n9604.cop.int" dated February 14, 1996 that does not overlap with the
NOAA “Intensive" UT 1 series, namel y thatporiion spanning January 4, 1995 through February
10, 1996, was incorporated into SPACE9S5. Note that in principle the IRIS “Intensive”
measurements, being derived from single baseline VLBI observations, should be treated as

measurements Of the transverse (T) anti vertical (V) components of the Earth’s orientation (see
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below) rather than as measurcments of UT 1. However, as released by both NOAA and the
USNQO. the IRIS “Intensive” imcasurementsare given as measurcments of UT 1 without the
necessary ancillary information (sec below) that would allow themto be more properly treatedas
measurements of T and V. Hence, in SPACEYS they have been teated as U Tmeasurements.

DSN The Deep Space Network (D SN) of NASA has conducted single baseline VEBI
observatons for the purpose of radio source CAlalog Maintenance and Enhancement (here calied
the CATM&L: sesstons) at irregular intervals since late 1978 {#wnselow et al., 1979, Sovers et al..
1984 Stepp e et al., 1995]. These sessions are nominally 24 hours i duration and are scheduled
within a few days of eachother on both the 8400 km-long bascline between the Goldstone
iCalifornia) and Madrid {Spain) telescopes. and the 10,700 km-long baseline between the
Goldstone and Canberra (Australia) telescopes. Since July 1980, the DSN has also under taken
single baseline VILBI observations in support of spacecraft navigation {Fubanks et al.,1982;
Steppe et al., 1995]. These semi-weekly Time and Earth Motion P recision Observation s (TEMPO)
session generally lastno more than 3 hours and are on the same baselines as are the CAT M&E
sessions. The particular DSN Earth orientation Series chosen for inclusion in SPACEYS,
containing results determined from both the CATM&L: and TEMPO observing sessions, is a
continuation of the series designated EOP(JPL) 95 R O1 {Sieppe et al., 1995] and spans October
281978 1o January 9, 1996.

As mentioned above, only two components of the Earth's orientation can be determined
from VI.BI observations taken on a particular single baseline. The Kalman filter must be able to
transform between these two determinable components, each of which is a particular linear
combination of the usual UTPM parameters, and the UTPM parameters themselves. In order to
derive the transformation matrix needed to accomplish this, first consider a special coordinate
system, the transverse, vertical, length system, that has been found to be useful in analyzing single
baseline VL.BI results [ Eubanks and Steppe, 1988]. 1 ‘igure lillustrates this coordinate systen, the
basis vectors of which lie along the three mutually orthogonal directions given by the baseline

length, the baseline vertical, and the baseline transverse directions. Let ryand r,, denote the
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position vectors within some specified convenuonal terrestriat reference frame (with origin near the

center of the Harth) of the two radio elescopes located at either end of the baseline:

ry = o4 oyt gk (4a)

ty = A i - Vo ﬁ t 27 k {dbi
where the hat (7) denotes a vector of unit length. Mutually orthogonal unit vectors T v ko the
baschine transverse, vertical, and length directions, respectively, can be defined {rom these posinon
vectons by

iy - (']
b - A {%a)
ey - oyt

1, Xr
i 2
1 = o 15b)
ey < el
v = bxt. (5¢)

The coordinate transformation matrix relating the components wy,w, , wy of some position
vector w in the baseline transverse, vertical, length system to itS componentsw, , w, ,w. in the

usuali, j,Ksysiemisthen given by:

w.(\| T, T, Ty [(w,)
- : : '
W= [y v v e 16)
i
Wy, b, by, b j\w, )

where expressions for the Ti |, v;, and b, clements of the coordinate (1 ansformation matrix ti terms
of the locations (4) of theradio telescopes are readily obtained from (4) and (5).

The transformation matrix needed by the Kalman filter is not the coordinate transformation
matrix defined by (6), but rather the transformation matrix that relates the usual UTPM Earth
orientation parameters to the linear combinations of them that are determinable from single baseline
VLBI observations As defined here, these two determinable components arc the transverse 7'
component representing a right-handed rotation of the Earth about the v-coordinate direction

(which perturbs b in the positive T direction), and the vertical V component representing a left-
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handed rotation of the Earth about the T-coordinate direction (which periurbs b 1 the posttive v
direction). The third independent component (not deternmunable {from single baseline VUEI
observattons) 1s the degenerate D component which, as defined here, represents a lefi-handed
rotation about the b-coordinate direction (that 1s, about the baseline, thereby perturbing T in the
negative v ditection). Note that all of the rotations being discussed here are first-order, stall angle
rotations of the solid Harth (and hence of the attached terrestrial reference frame) with respect 1o the
celestial reference frame. With these definttions of the TVD Barth ortentation parameters (7, Y,
D). and remembering that, e.g., a positive change Ax, in the x-component of the pole posttion s
equivalent to a left-handed rotation of the body-fixed, terrestrial reference frame about the j-axis, 1
is straightforward (albeit tedious) to show thai the destred UTPM parameter space transformaton

matrix relating the usual UTPM parameters (PMX, PMY UT1) wo the TVD parameters is given by,

(1) ( vy v (a0
i V(() = i T, T, -1 'l )'I,(I) N
k])(t) \ b, b, —IEJ k(/(t) J

where the 17;, v;, and b; elements of the UTPM parameter space wransformation matrix in (7) are the
same as those elemen ts of the coordinate transform ation matrix in (6). Note that as with the VUD
parameters, the Earth orientation parameters in the system of equat ions (7) arc also all assumed to
have the same units.

Apart from a sign difference (due to DD being defined here as a ]cft-handed rotation), the
degenerate component of the Earth’s orientation that is not determinable from single baseline VI.B)
observations is related to the degenerate component that is not determinable from single station
ILI.LR observations. To show this relationship, (4) and (5) can be usedto write the unit coordinate

vector b in the baseline length direction as:

b = cos¢ cosAi 4 cos¢ sinlj -t sind)i& (8)

where the angles ¢ and A are define.d by.



o af i) .
¢ = sin (b)) = sin ———e | (D)
‘ : Hry— oy i/
1 1'1),'_ _')’!\’
A o= owan bJb) = tan | — (9
AY X i

NES R | J

By (7). the degenerate component of the Earth's orientation that IS not determinable from singic
basehine VI .Bl observations can therefore be written as:

D(t) = cos¢ sinA ,\',,(1) + cosg cosd v, (1) - sing U(D) (1)
which. bv (It) and apart from a sign difference, 1s formally equivalent to the expression for the
degenerate compotnent of the Earth's orientation that s nor determinable from single stanon LIR
observdtions

“I'he angles ¢ and A defined by (8)and (9) specity the latitude and east louguude,
respectively, of a vector paralel to the baschne, hill Whose tatlisfocated atthe onigo o the
terrestriai reference frame ‘1'bus, in the case of single baseline VI.B1, the anglies ¢ and A i (10)
specify the orientation of the baseline vector, whereas in the case of single station L1R, the angies
¢ and Ai in (1c) specify the orientation of the station's position vector. 1f the VI.B1 baseline and
the LL1LKR station position vectors arc parallel, then single baseline VI.BI observations and single
station1.1.LR observations will have their degeneracics in ihe same direction of UTPM parameter
space since their indeterminable components result from rotations of the Earth about paraliel axes.
In the case of single baseline VI .Bl, the indeterminable component of the Earth's orientation results
from rotations of the Earth about the baseline vector (whose tail can be considered te beiocated at
the origin of the terrestrial reference frame), whereas in single station i.I.R the indeterminable
component results from rotations about the stat ion’s position vector (whose tail 1s focated at the
origin of the terrestrial reference frame). in this sense, the baseline vector in single baseline VI.BI
plays the same role as does the station position vector in single station LLILR.

Global Positioning System

The Global Positioning System (GPS) has two major elements: 1) a space-based element

consisting of a constellation of 24 satellites, and 2) a ground- based clement consisting of a network
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of receivers. The satellites are g altitudes Of 20,200 km in orbits of 1 2-hour period and are tocated
equi-distant from cach othet in three orbital planes each inclined at 557 w the Barth's equsator
Navigation signals are broadcast by the satellites atiwo L-band {requencies, thereby enabling fisst-
arder correct ions to be made forionosphericrefractionettects  The ground-based mult- changet
recewvers detect the navigation signals being broadc ast by those satel lites that are above the hotizon
{up to the number of channels in the recerveri. A variety of geophysical parameters mchwting thie
position Of eachreceiver, and by extension the orientation of the network Of jeceivers as s wholc,
can be determined by analyzing the detected broadcast signals (€. g., Bockand Leppa rd 1990,
Bie wire,1 993; Hofmann-Wellenhof 1993 Beutler etal. 1 1)96].

A number of organizations, including groups a the Astronomical Institute of the University
of Bern, the Geodetic Survey of Canada, the Scripps Institution of Oceanography (S10), and the
et Propulsion Laboratory currently deter mine Earth orientation parametersirom GPS
measurements. Since these groups use the same basic setof GPS measurements, their resulis aic
not completely independent Of cach other even though their subsequent data editing and processing
procedures are different. For the purpose of combining Earth orientation series, itis desirable 1o
combine only completely independentdeterminations of the Earth’s orientation  Thus,
generating SPACE9S, three non-overlapping GPS Earth orientation series were used, two
determined atiPl.and oncat S10. The first JPL. GPS series chosen is designated
EOPJPL) 95 P 02 [Heflinet al., 199S] and consists of daily determinations of polar motion
spanning Juncl, 1992 to January 27, 1995. A second JPL. series, spanning January 28, 1995to
February 10,1996 and consisting of their routine international GPS Service for Geodynamics
(IGS) polar motion determinations [Zumberge er ., 1995], was used to update the first series
(although the two series were treated separately in the SPACE9S combination procedure described
below), The particular S10 GPS polar motion series used is that portion of EOP(S10) 93 P01
[Bock et al., 1993] that dots not overlap with the IP1. series, namely, that portion spanning
August 25, 1991 through May 31, 1992. Note that because the Kalman filter used at JPL. for

combining Earth orientation series (see below) dots not currently recognizc length-of-day (1.OD)
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as an input data type, only the GPS polar motiore determinations were used in gencrating
SPACEYS. The incorporation of LOD measurements into the Kalman Earth orientation tilter 18

curently under study.

KALMAN EARTH ORIENTATION #11.THR

Kalman filters are commonly used for estimating parameters of some system when 4
stochastic model of the system is available and when the data contain noise {e.g.. Nahi, 1969,
Gell 1974, Bierman, 1977). For the purpose of combinmg Larth onentation seqies, the system
consists of a series of the usual UTPM parameters, thewr excitations, and fuli covariance matrices
The data consist of series of observed Earth orientation parameters, which may be wmcomplete
and/or degenerate, along with the data measurement covartance matrices. Hernqust ev al {1984
and Eubanks et al. {1985a] have described a Kalman filter and smoother developed at JPL for use
with UT1 measurements. The approach currently taken at JPL. evolved from the carlier UT1
Kalman filter and now estimates all three UTPM parameters, along with their excitations, wherein
ihe polar motion parameters are treated as individual real-valued quantities, rather than as a single
complex-valued quantity [Morabito et al., 1988]. Other approaches that use Kalman filters to
estimate the polar motion excitation functions [e.g., Barnes er al., 1983] from polar motion
n measurements have been described by Brzezinski { 1990, i 992, 1994} and Preisig [1992).

The particular design of the current JP1. Kalman Earth Orientation Filter (KEOF) was
dictated to a large extent by the nature of the Earth orientation series being combined, and in
particular by the presence of degenerate data types (single station LLR and single baseline VL.BI
observations). I-his section describes aspects of KEOF: that are driven by the characteristics of the
input space-geodetic data sets. A brief description of the stochastic models employed in KEOF
may be found in Morabito et al. [1988; sce also Eubanks et al., 1985 b]. No discussion is
presented here on the ability of KEOF to recognize atmospheric angular momentum (AAM) data,

which is used in KEOF as a proxy length-of-day measurement, since the emphasis of thisreport is
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on combining space-geodetic Harth orientation series  The incorporation of AAM data into KEO1
is described hy Freedmanetal | 1 994].

The incorporation into KEOE of observed data series that consist 0f all threg UVTPM
parameters (PMX PMY, (J!'! ) isstraight forward. The 3x | measurement vector Xy, ~ stmply
fitled with all three observed quantities, and the 3x3 measurement error covartance matrix Cy, 18
filled with the measurement variances (the square of the measurementuncertainues) and, when
correlations gre avai lable, the measurement covariances. When the correlations are not available
the oft -diagonat elements of | he measurement covariance matrix arc filled with zero. W hen only «
subset of the three usual UTPMparameters is available, as is the case with (he 1RI1S “Intensive”
sertes consisting of only UTI, or with the SI.R series wherein the UT ivalues have been
discarded, then only that subset of the UT'PM parametersisusedto filltherelevantelements of x,,
and C,, The other entries of the measurement vectos and covariance matrix are filled witti zeio
{actually. any value could be used here since, as discussed below, KEOE never accesses those
elements of X,, and Cp,).

Complications arisc When the observed quantity s some tincar combination Of the usual
UTPM parameters. In this case, the measurement vector and measurement error covariance matrix
are filled in the natural frame of that datatype, and then rotated to the usual UTPM frame. (The
use Of the word "frame” here is not mcant to denote a coordinate reference frame, but is rathes
meantio denote different sets of independent, linear combinations of the Earth orientation
parameters that span the UTPM parameter space, such as the VUD and TVD sets. ) in the case of
single station L.1.R observations, the observed U10; -- TAI values (and their uncertainties) arc first
converted to UTFi values (and their uncertainties) by (2). Nominal values for the locations of the
1.1.R observing stations are used to evaluate the transformationmatrix defined by (3), which is then
used to transform the VUD parameters and associated error covariance matrix back to the usual
UTPM frame. In doing this, zeroes arc used to fill those elements of the mcasurement vector and
error covariance matrix in the VUD frame corresponding to the degenerate, component of the

Earth’'s orientation not determinable from [.1.LR observations taken at that single station. In the case
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of single baseline VLBl observations, the measure ment vector and associated measurement error
covartance matrix are filledinthe TVD frame, with zeroes bemg used to fill those elenients of the
measurement Vector and error covariance matrix corresponding to the degenerate component ot the
Barth's orientation that is not determinable from VLLBI observations taken on that single  baseline.
The transformation matrix defined by (7) is then evaluated asing nominal values tor the iocations
of the two radio telescopes defining the baseline.  This transformation matrtx s theu used to
transform the TVD parameters and associated error covartance matrix back 1o the usual UTPM
frame

The use of’ zerosto fill the elements of the measul ement 1101 covariance Mali ix
corresponding 1o the degenerate component is not meant to indicate that the degenerate cotponent
is perfectly know 1. in fact, in principle, the degencrate component is perfectly unknown, and
therefore of infinite variance. | lowever, for numerical reasons, these elements of the measurement
error covariance matrix must be filled with some value other thaninfinity, and zero was chosen for
this purpose. The fact that the measurement error covariance matrix associated with degenerate
data types cannot be properly represented numerically has required that KEOE be formulated to use
the infermation matrix. rather than the covariance matnix.

The measurement information matrix (fﬁ,' 1s the inverse of the imeasurement error
covariance matrix. Elements of the in formation matrix corresponding to the degenerate component
are properly filled with zero, indicating that tile observations contain no 1n formation about the
degenerate direction in UTPM parameter space.  The measurement error information matrix is
generated by inverting that submatrix of the measurement error covariance matrix corresponding to
the observed components (after rotating back to the natural reference frame for that data type, if
necessary). The elements of the information matrix corresponding to the degenerate (or, in sonic
cases, discarded) components are (now properly) set to zero. The resulting full 3x3 information
matrix associated with degenerate data types will be rank deficient. However, the eigenvectors
associated with the zero eigenvalues span the degenerate subspace of UTPM parameter space that

isnot determinable from observations by that data type (or that have been purposely discarded).
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Thus. even in the usual UTPM frame, the information matrix is always appropriately defined, even
tor the degenerate data types.

The Kafman filter contains a stochastic model of the process which s used 10 propagate the
state vector (and its associated state covatiance matix’ forward to the tine of a mcasurement 1he
stare vector Xg containg values for the parameters that are being estimated by the Kalmau filter. {n
the case of KEOLE. the 11x1 state vector xg consists of the UTPM parameters (PMX, PMY UTT
and their excuations, along with additional parameters associated with the mode! of the polar
motion excitation and the use of AAM data. At the time ¢t of a measurement, both an inittal esumate
X((1) of the state vector [along with its assoctated 11x11 error covariance matnx ;Cy( 0] and the
3x 1 measurement vector Xy, (1) (along with its associated 3x3 measurement information matrix
(?;,,'{t)} are available. The state vector is updated at the measurement time { by torming the vector

weighted average of its inttial estunate with the measurement vector:

x () = LG + HIGHOH T [0 x0 + H'Col(0x,(0) ] (11

m
where H is a3x 1 1 matrix which relates the elements of the state vectorto the elements of the
measurement vector.

Xm(1) = H xy(1) + nu(r) (12)
with n,, (1) being a3x1vector representing the measurement noise that 1« assumed to be white,
Gaussian, of zero expectation, and uncorrelated with the stochastic process noise. Since (11) is
formulated i terms of information matrices, it 1s valid and can be used even in the presence of
degenerate data types. The state covariance matrix is updated at the measurement time ¢ by

inverting the sum of the initia state and measurement information matrices’
Cdty = [ €'+ ' ¢ lon]! (13)

Smoothed estimates of the Earth orientation parameters arc obtained by running the Kalman filter
forward in time, backward in time [e.9., Gelb, 1974], and taking the vector weighted average of
the results. ‘1’bus, the fina output of the Kalman filter consists of a series of smoothed,

interpolated estimates of the usual UTPM parameters (PMX,PMY, [J1'1), their excitations, and
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full covariance matrix that is based upon independent measurements, whether or not they are

incomplete, degenerate, or trregularly spaced in time.

AN APPROACH TO COMBINING EARTH ORIENTATION SERIES

A Kalman filter has a number of useful properties that make it an attractive choice as s
means of combining independentbarthorientation datasets. Changes in the Barth's on entaton
can be miodeled as being forced by arandomly excited stochastc process. Consequently, between
successive measurements Of the Earth orientation parameters, the uncertaimty 1 the knowledge of
their values grows and rapidly becomes muchlarger [ban the uncertanty i the measurements
Thus, il s important to analyze cach measurement at s ineasurement epoch, rather than ai soine
"nearby’, tegulanized epoch as is commonly done in normal-point methods of combining data sets.
Kalman filters are an effective means of dealing with irregularly spaced data scts since the state
vector and state covariance matrix can be propagated to the mecasurement epoch regardless of
whether or not the measurements are equi-spaced

Due to this growthinthe uncertainty of the Earth orientation parameters between
measurements, when intercomparing data sets in order to evaluate their relative accuracies {and
hence to set the uncertainty adjustmentscale factors). it isimportant to compare independent
measurements whose epochs are as close as possible to each other. This argues for comparing an
individual data set against a combination Of all otherindependent data sets (rather than against some
other individual series) so that the difference inthe epochs of th e measurements being compared is
minimized . Since it is unlikely that independent mcasurements will be given at exactly the same
epoch, it is important that the interpolation procedure used in generating the combined series
accounts for the growth in the uncertainty of the Earth orientation parameters between
measurements. The Kalman filter does this in an objectiv € manner (see previous section).

The importance of accounting for interpolar ion error bet ween measurements isillustrated in

Figure 2 which shows the uncertainty in the (JrI'1 component of two different USNO RIS
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“Intensive" complementary smoothings formed by combining all but the "Intensive" series usedin
forming SPACE9S (see below). in gene.rating the solid line the uncertainties of the measurements
have been rcduced by a factor of 104 prior to combination in order te model the error growth
between perfectly known measurements, whereas the dashedline was generated without
modification Of the measurement uncertaintics. With perfectly known measurements the U}
uncertainty of the complementary simoothing depends only on the error in interpotfating between the
micasurements, whereas with imperfect measurements, the UT uncertamty at any time s a
combination of interpolation and measurement error. The relative importance of these two sources
of UT1 uncertainty can be assessed by comparing the solid and dashed lines As can be seen, for
example near MJD 50026 and MJID 50031, the [J1'1 uncertainty is oftentimes larger than the
difference between the two curves, indicating that between measurements the uncertainty inthe
U1 component of combinations 0f FHarth orientation series 1s oftentimes dominated by
interpolation, rather than measurcment, error. The crosses in Figure 2 indicate the uncertainties
and epochs of the USNO IRIS “Intensive” measurements taken during the 9-day-long time interval
illustrated (note that the stated uncertainties of the “Intensive” measurements have been adjusted
here by the factor given in Table 7). The "Intensive” measurements are seen to generally occus
between the epochs of the measurements in the complementary smoothing. Thus, the "Inensive”
measurements frequentl y occur at times when interpolation error dominates the [ J' 1’ 1 uncertainty i
(he complementary smoothings. Therefore, accounting for interpolation error, and not just
measurement €T0r, iS important When combining measurements since this is oftentimes the
dominant source of uncertainty. This is particularly important when evaluating the measurement
uncertainty of onc series by intercomparison with other series. Kalman filters, by virtue of
incorporating stochastic models of the process and measurement noise, are particularly well suited
to this task.

Finally, in order to obtain the best possible combined series, the degrec of smoothing that
isapplied to the measurements must vary with both the precision and the sampling interval of the.

measurements. AS improvements have been made to the measurement systems (in both hardware
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and software), the precision with which the measurements have been niade has dramaucalty
improved, as has then time resolution. With a Kaiman filter, the degree of smoothing applicd | see
(1D]is a function of both the precision Of the measurements andthe time span over whichthe state
vectorand covariance matrix must be propagated (i.e., of the time resolut ion of the measurements j
(Of course, the Kalman filter model for the growth in the uncertainty of the farth orientation
parameters between measurements is also important i this regard. ) ‘1’bus, withi a Kalmarn fifter, no
arbitrary changes inthe applied deg ree of smoothing need be made. The degree of smoothing s
automatically adjusted as the precision and tmie resolutiou of the micasurements changes

Because of these above considerations, a Kalmian filicr-based approach 1o combinng Bar th
orientation series has been taken at JPL.. But prior to combining independent csumaieso? the
Earth's orientation, a number Of corrections must be applied to the individuai series. Fusi, the
series are likely to exhibit differencesinbias andrate due to differences in the underlying reference
frames within which they are given. A conventional terrestrial reference frame is realized in
practice by specifying the positions and secular motions of a set of observing stations that are
globally distributed on the surface of the Earth. When deriving the Earth orientation series, the
locations and velocities of the observing sites must be specified, and are, in fact, usually estimated
simultaneously with the UTPM parameters. ‘1'bus, in principle, each solution for the Earth
orientation parameters IS given Within its own reference frame. Constraints arc typically applied
during the data reduction procedure in order to place a given solution within a particular reference
frame, but different constraints arc employed by the various analysis centers leading to differences
in the underlying reference frames, and hence to differences in the bias and rate of the determined
Earth orientation series. Also, the observing stations of the various techniques are located on
different subsets of the set of mobile, deformable tectonic plates. A model of the plate motions is
usually employed when reducing Earth orientation observations, but discrepancies between (he
plate model anti the true tectonic motions of the stations as evidenced by their adjusted velocities
can lead to differences in the rates of the Earth orientation series, especially when the observing

stations are located on different subsets of the plates. Thus, Earth orientation series derived by
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ditferent techniques, or from independent observations by the same techaigue but using different
station sets, can be expected, in principle, to exhibit differences i bias and rate, and therefore
provision must be made to determine and apply bias-rate corrections prior to thetr combinaui.

tiach of the observed Earth orientation series is a measure of the Larth's true oricntanon.
Since the true orientation of the Earth s not known, it is impossible to know which of the obseived
series 1s the most accurate measure of the Earth's onentation. The stated uncertainties distributed
with cach data set indicate the internal precision with which the observations have been madc, but
do not necessarily reflect the accuracy of those observations. An estimate Of the relative accuracy
of the different data sets can be obtained through their intercomparison. (Of course, the true
accuracy Of the data sets cannot be obtained through intercomparison studies due to the possibie
presence of systematic errors common to all the data sets ) In the absence of a priori knowledge
about the relative accuracy of the differentdata Sets, at the beginning of the intercomparison
process they should all be treated as though they are potentially equally accurate, but, of course,
not equally precise.

In generating SPACE9S, N0 referencesertes has been used for the purpose of determining
the bras and rate corrections that must be appliedto cach seriesinorder for them to be consistent
with cach other (in biasand rate) prior to theitcombination. First, none Of theindividual series
listed in Table Fare appropriate choices for a reference Series since none have the requisite time
resolution, span a great enough time interval, and/or consist of the full set of Earth orientation
parameters. Also, any available combined Earth orientation series is a dubious choice for a
reference series since it may contain spurious var iations due toinadequacies Of the combination
technique, thereby affecting the desired bias-rate corrections, Finally, ademocratic treatment of the
individual data setsprecludes the use of areference series. Inherent in the use of a reference series
isthe belief that the particular series chosen as the reference more accurately represents the true
orientation of the Earth than do any of the other available series. since, as discussed above, the
irue accuracy of any observed series cannot be known, the decision about which seriesto use asa

reference IS, t0 some extent, a subjective one. in generating SPACE9S, care has been taken to
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make the process be as free as possible from the need 1o make such subjective decisions, and,
therefore, NO 1eference series has been used Rather, tor the purpose of determimng the bias - rate
corrections, each data set has been iteratively compared to a combination of all other data sets
Thus, all data sets are treated equally, with ne subjective decision being made aboui therr presuraed
accuracics.

For SPACE9S, the bias-rate corrections have heen determined byan tterative scheme
wherein, during a gwven tteration, cachindividual series 1S compated to 4 combinaton of ali othet
series {this combination of all other s¢ rie s1s h ereafter calied the compl emen tary siwoothing {or thas
particular individual series). Ideally, in order to minimize interpolation error whensubsequerntiy
forming the residual series (see below), the complementary smoothing should be prod uced by o
Kalman filter that interpolates to and prints its estunates at the exact measurement epochs of the
corresponding individual series. However, due to software limitations, this ideal case is currently
approximated by using the Kalman filter to produce aregular smoothing with output printed at one-
day intervals and then lincarly interpolating tile output values and covariance matrices to the exact
measurement epochs of the corresponding individual series.

Within cach iteration, cach series is analyzed in parallel with the analyses of each of the
other senies (i. e., the order in which each series is analyzed s completely immaterial in this
procedure). Half the incremental bias-rate corrections determined during a given iteration arc
applied to the series and the process repeated until convergence IS attained, convergence being
indicated by the incremental bias-rate corrections approaching zero. The reason for applying only
haif the bias-rate corrections determined during any iteration can be understood by considering the
application of this procedure to just two series, labeled A and B. By following this procedure,
bias-rate corrections would be determined (hat make the bias and rate of series A agree with that of
B, and vice versa. Upon applying the full corrections thus determined, the corrected series A
would have the bias and rate of the original series B, and the corrected series B would have the
bias and rate of the original series A. ‘1'bus, the bias-rate (difference between series A and B after

correction would be the same size as that before coriection. This non-converging situation can be

24



avoided if only half the corrections that were determined are actually applied o cachisenies i this
case. the corrected series will then agree with each othernin bias and rate.

The bias-rate corrections arc determined by aweighted lcast squares fit of” abias and rate 1o
cach individua Earth orientation component of the residual series, with the weights being based
upon the uncertainties 01 the residuals, and withthe residual series being analyzed in the natuia
tiarth orientation reference frame of (he individual series. ‘['11( residuai seriesis formed by
differencing the given individual series with a combmation of all other series {the complementary
smoothing) after both the individua! and combined series have been transformed (if pecesaary ) to
the natural Earth ortentation reference {rame ot the individual series {that is, the difference 1§
formed in the nawral reference frame of the mdividual series).  Swce the complemen tary
smoothing is independent of the individual series, the covariance matices associated withs the
residual values are formed by simply sumnung the covariance matrices ot the individual seres with
those of the complementary smoothing, after the covariance matrices have also been transformed
(if necessary) to the natural reference frame of the indiyidual series. Since the bjas-rate corrections
arc determined separately for cachcomponent, only the diagonalelements of the residuatl
covariance matrices corresponding to that component being correcied arc used in the weigheed least
squares fit. This single component (or single variate) approach t0 analyzing the residual series
results from current software limitations that preclude the use of a multivariatc approach. Future
software upgrades willallow the usc of a multivariate approach in which all components of the
residual series arc anal yzed in unison, thereby al lowing correlat ions bet ween components to be
taken into account in the analysis.

Along with determining bias- rate corrections, the stated uncertainties of each series arc aso
adjusted during the iterative procedure by determining ascale factor which when applied o those
uncertainties makes the residual of that series, upon differencing it with a combination of all other
series, have a reduced chi-square of one. Note ihat by means of the Kalman filter's stochastic
model of the Earth rotation process, the Kalman filter's estimate of the covariance matrix of the

complemientary Smoothing at each epoch accounts for the interpolat ion error at that epoch due to the
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stochastic character Of the Earth rotation process Of course. the covariance matrix of the
complemen tary smooth ing also depends upon the measu reme ntuncertamties of [tic’ seres bewmg
combined in the complementary smoothing. Thus, the covaiance matrix of the tesidual, being the
st of the covariance matrices Of the indiv idual se ries and its complementary sinoothing accouns
forthe uncertainty of the interpolation as well as the incasurement uncertainties of ali the dats
senes  The purpose of adjusting the stated uncertames of the observations 1s (¢ make thess
consistent with the scatter in the re sid ual series. Such consisient est imates for the uncertamues ot
the observed values arc important because the Kalman filter USC’' s the uncertainty estimates as
wetghts when combining the observations withthe initial state estimate [see (1)1,

Since the uncerlaintics are bemg adjusted along with the bias andrate of the seits, and
stnice the bias-rate corrections arc determined by a werghted least squares fit with the weights betng
dependentupon the values of the adjusted uncertainties, s important that during eachiieraton the
uncertainty scale factors and bias-rate corrections arc determined simultanco usly. The uncertainty
scale factor is determined separately for each componentby analyzing the scatter in the fit of a bias
anti rate to that component Of the residual series, With the residual series being formedand the bias -
rate fit being computed as described above. Once that value for the uncertainty scale {actor bas
been found which upon applicatio n leads 10 a value o f one for the reduced chi-square in the scatter
about (he fit fora bias and rate to the residua series, then half those particular values for the bias
and rate arc taken as the desired bias-rate corrections that are to be applied t0 the individual series,
and thatvalue for the uncertainty scale factor istaken as the desired scale factor to be applied to the
uncertainties.

During the iterative procedure for the determination of bias-rate corrections and uncertainty
scale factors, individual data points arc deleted R’ hose residual values arc greater than three times
their adjusted uncertainties (the residual values being obtained from the difference of that data set
with its complementary smoothing). Since the uncertainties arc being adjusted during the. iterative
procedure, a sufficient number of iterations must firstbe completed in order to converge upon

stable values for the adjusted uncertaintics (convergence, here! being indicated by the incremental
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uncertainty scale factors approaching one). During subsequent iterations, outlying data points can
ithen be deleted. Curreatly, outliers are identified by separately examining cach componen: of dhe
residual sertes, although in the futare outliers will be denufied using a multivariate approact;. Al
components {c.g., PMX, PMY and UT1) of the data point are deleted even if only one compoenent
is the outlier, and once a data point has been deleted it remains deleted for all subsequent iterations.
O course, during subsequent iterations, the incremental uncertainty scale factors determined for
some data set that has had outhiers deleted during pievious iterations are usually found o be such
as 1o reduce the adjusted uncertaintics, thereby usually causing additional data poinis ¢ he
considered outliers and to be deleted.  After a sufficient number of iterations, however the
incieinental scale factors will converge to one, and no more dats points will be found 10 have

residual vatues greater than three times their adjusted (and converged) uncertainties.

SPACE9S

Summary information about the particular data sets combined to form SPACEIS is given in
Table 1. Prior to their combination, corrections to the bias, rate, and stated uncertainties of each
series were determined (and applied) by the above iterative approach (except for the GPS and
‘U SNO series which were treated separately as described below)  But first, leap seconds and the
effect of the solid Earth and ocean tides on the Earth's rotation (UT'1) were removed. The model
of Herring [ 1993; also sec Herring and Dong, 1994] was used to remove the effect of the diurnal
and semi-diurnal ocean tides from those UT1 observations that included them in their reported
values, namely, the NOAA IRIS "Intensive” series. The model of Yoder et al. [ 1 981 | was used to
remove the effect on (J-i' 1 of thesolid Earth tidesbetween the lunar nodal (18.6 yr) and fortnightly
periods, with the model of Dickman [ 1993] being used to remove the effect on [J1'1 of the My,
Mf, Mm, and Ssa ocean tides in this long-period tidal band. Since the Yoder et al. {198 1 ] model
already includes a contribution from the cquilibrium ocean tides, just the values givenin Table 2

for the Dickman [ 1993] oceanic tidal corrections to the Yoder et al.{ 1981] model were actually
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employed when removing the effect on U Tof the long-period solid Earth and ocean udes e
values given in Table 2 for the oceanic udal corrections were obtained by fust computing the udal
cffect on UJT1 of an oceanless Earth model by inultiplying the negative of the tidal amplitudes given
in Table 1 of Yoder et al. [1981] by k/C = 0.8073 {Willicms, personal cotnmumcation, 19921 1o
this was added the model tesults of Dickman {19931 for the etfect on UT1 of the iong-penod ocean
tides. The standard model of Yoder et al. {19811, formed by multiplying the negative of the tidaj
amplitudes given in their Table 1 by A/C = 0.94, was then subtracted from this total effect, thereby
obtaining the entries given here in Table 2 for the Dickman {1993] oceanic tidal corrections G the
Yoder ¢t al. 119817 model.

In some cases. such as for the Burcau International de I'Heure (Bit 1) optical astrometric
series used in generating COM B94 [Gross. 1996al, the observations span a large enough traction
of the tidal period that the tidal amplitude should be attenuated prior to being removed from the
UT1 observations. The attenuation factor that should be applied to the amplitude of each of the
tidal terms iSa function of the tidal frequency as well as of the length of the observation window
[e. 9., Guinot, 1970]. Consider a tidally-inducedUT Isignal of amplitude A, frequency @, and
phase o

Uty = Acos(w,t- o). (14

Observations of duration 7 centered at epoch ¢, effectively average this signal by:

4 M
_[ Acos(w,t -- o) dt
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whiere the angular brackets < > denote the averaging operation. F'hus, the amplitude attenuation
factor o he applied issin( @, 1722)/( @, 172 )

Afterremoval of' leap seconds and tidal terms (both solid Earih and oceanic jfrouihe (7'
observaiions, bias-rate, corrections” anti uncertainty scale factors were determined forcachseresby
the terative procedure described in the previous section  Inan attempt to red uce the req wired
number of iterations, initial values for the bias-17alu cotrections (but notfor the uncertatuty seale
factors) were obtained by the use of areference series SPACEY4 {Gross, 1995, 1906a] Any
inconsistenc 1es inttoduced by use of areference series forthisintial bias -rate correcti on should be
climmated during the subsequent tterative procedure The initial bias-rate corrections needed 10
align cacty series with the refere nee series are grvenm Table 3 The uncertainties of these witas
bias-rate corrections (given in parentheses in Table 3) are the 1o standard errors i theu
determunation. NO bias-rate corrections arelistedin ‘Vable 3for t hose Earth orientation parameres s
thatwere either discarded (such as the UTCSR SER UT 1values) or not availabic {(such as ihe
PMX and PMY vailLlcsof'the NOAA IRIS “Intensive” series). Also, no rate corrections are givern
in ‘1'able 3 for those series (such as the SGP/CDP Westford- Mojave single baseline Vi.BI series)
spanning sucha short time interval that reliable rate corrections could not be determined for them.

After initial bias-rate alignment, final val ues for the bias- rate corrections and uncertainty
scale factors were determined by the iterative procedure described in the previous section During
this iterative procedure, each data type was analyzed and corrections determined i its own natura!
reference frame. For single station Li.R observations this is the VUD frame defined by the
location of that particular station at which the observations arc made, and for single baseline V1.8l
observationsit is the TVD frame defined by the orientation of that particular baseline over which
the observations are made. At each stage in this iterative procedure, every residual series was
visually examined in order to check for the possible presence of systematic errors or problems with
the procedure (none were found). Outlying data points (those whosc residual val Lies are greater
than three times their adjusted uncertainties) were rejected during this process, but not until four

iterations had been completed in order o converge upon initial estimates for the uncertainty scale
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t-actors A further five iterations were required 1o converge on final bias-rate corrections and
ancertanty scale factors. D uring the final iteration, no data points had residual values greares than
three times their adjusted uncertaintic s, the values tor al the incremental bias-rate cortections weie
less than the standard errors in then determina tion, and the incremental scalc factors changed the
anceria inties by much less than 1 %. The product of all the uncertainty scale factors determined and
applied during the iterative procedure, along with the sum of all the bias-rat ¢ corrections apphed
{(half those determined), are shownin *1’able 4. The uncertainties given in parentheses in 1Table 4
are the lo standard errors in (he determination of the bias-rate corrections during the last iteration
A totalof 253 data points (including the discarded USNO and GPS data points---see below), or
abo ut 2% of the available datapoints, were considered to be outliers and therefore discarded during
the procedure 1o determine bias-rate corrections and uncertainty scale factors.

For the purpose of determining hiss-rale correctionsand uncertainty scale factors. e {.1.K
stations at McDonald Observatory were ciLlstc.red, sothata commonbias-rate correction and
uncertainty scale factor was determined for all the McDonald LLR series. This was done so that a
rate determination could be made for them. The re IS not enough overlap between any individ ual
Mchonald LR scries and the other, independent series for a rt'liable rate determination to be
made. But by clustering the McDonald L1.R stations, there 1s then enough overlap thata common
rate can be determined for all the McDonaldl.1.R series. Similarly, the individua DSN radio
telescopes in C alifornia were clustered, as were those inSpain, and, separately, in Austraiia, SO
that a common bias-rate correction and uncertainty scale factor was determined for all the
California--Spain series, as well as for all the California-Aust ralia series.

Neither USNO series was included in the iterative procedure for bias-rate correction and
uncertainty scale factor determination since there is not enough overlap between their independent
portions and the other series for reliable determinations of these corrections to be made (See Table
1). Instead, the bias-rate corrections and uncertainty scale factors for the two USNO series were
determined by individually comparingthem to two different reference series formed by two

different special combinations of the other corrected series. in forming these reference series, the
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GPS series were not included in either of them (see below ). andin order for each reference series
to be completely independent of its respective USNO series. only those portions of the SGP/{C 0P
multibascline and NOAA RIS "Intensive” series thatdid not overlap in time with its respective
USNO series were sclected and included. Thatis, only that portion of the SGP/CDP multibaseiine
series before January 1, 1988 was selected and included (along with the entite NOAA 1R 1S
“Intensive” series) i the reference series used to adjust the U SNO multiba seline series: and only
thatportion of the NOAA [RIS “Intensive” series before December .21, 1993 was selecied and
wcluded (along with tile entire SG P/CDP multibascline series) in the reference series used w adjust
the USNO IRIS "Intensive” series. (In order to be able to determine reliable rate corrections for
the USNO multibaseline series, all of its data pomnts after January 1. 1988 were used, even though
only those after December 29, 1994 ultimately get incorporated into SPACE9S. Suntlariy, i
determining the bias-rate correction for the USNO IRIS "Intensive” series, ail O1 s values
(beginning December 21, 1993) were L] SC(i, c¢ven though only those after January 4, 1995
ultimately get incorporated into SPACE9S.)

Thus, the two different reference series Used to determine the bias-rate corrections and
uncertainty scale factors of the two USNO series were formed by combining the respective
trancated SGP/CDP multibaseli ne or NOAA IRIS "Intensive" series with all the other sevies (but
not the GPS series) after the bias-rate corrections and uncertainty scale factors determined above
for all the other series (Tables 3 and 4) had been applied to them  During the comparisorn for bias-
rate correction and uncertainty scale factor determination, outlying data points (those whose
residual values were greater than three times their adjusted uncertainties) were also discarded.
‘1’ able 5 gives the bias-rate corrections and uncertainty scale factorsthus determined for theUSNO
series. The values given in parentheses are the lo standard errors in the determination of these
correct ions.

The GPS series were similarly notincluded in the above iterative procedure for bias-rate
correct ion and uncertaint Y scale factor determination. Rather, bias-rate coniections and uncertaint y

scale factors for the GPS series were determined by comparing themto combinations of all the
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other cotrected series, Including the USNQO series. The bias-rm corrections and uncertainty scale
factors determined for al the other scries {Tables 3-4_ and Table S or the USNG series s weie
apphed, the corrected series comb ined, and the resuitused as d reference ag ainst which the GPS
sertes were compared for the purpose of determintag their bias-ra[c corrections and uncersunty
seal e factors  No rate corrections were determined for the Scripps and JPEIGS Analysis GPS
series since their overlap with the other, ¢ orected series was not great enough to allow reliabie rate
corrections to be determined. Tabie 5 gives (hc bias-rate corrections and uncercainty scale factors
thus determined for the GPS series. The values given in parentheses arc the 1o standard ervors in
the determination of these corrections.

The final step taken prior to generating SPACEYS was to place the correctec £ arth
orientation Series within a particular IERS reference frame  This was done by applying 1o them an
additional bias-rate correction that iscommon to al of them This additional common correciion
was determined by combining all the series, afterappl ying to them the corrections that have been
previously determined for them (Tables 3- 5). This combination was then compared to the IERS
combination designated E OP(IERS) C 04 [/1RS.1 995] during theinterval 1984--1995 in order tO
obtain the bias-rate corrections that make it, and hence each of the corrected individual series, have
the same overall bias and rate astheIERS series during 1984--1995. The bias-rate corrections thus
determined are shown in Table 6, with the 10 standard errors in their determination given in
parcntheses

At this point, all the necessary corrections to all the series have been determined. It now
remains to apply these corrections and combine the corrected series into SPACE95. g’ able 1 gives
the actual number of data points and their span in time for each series that was used in generating
SPACE95. Table 7 gives the corrections made to each of the raw series listed in I’ able i prior to
their combination, with the bias-rate entries in *1'able 7 being t he sum of the biis-rate entries in
Tables 3--6. Note that the same IERS rate correction is applied to all of the series, including those
(such as the Scripps and JPL IGS Analysis GPS series) for which no relative rate correction could

be determined. “1'bus, the rate correction given in 1 ‘able 7 for those series for which no relative rate
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correction could be determined is simply the 1ERS rate correction, but given, of course, i the
natural reference frame for that series. The resulting combination, SPACE9S, consists of daily
vatues at midmight of PMX, PMY, and UT1, thenr 1o formal errors and correlations spannmitig
October 6.0, 1976 to February 10.0, 1996, Figure 3 illustrates the resulting U'TY and polar mouon
vaiues, with Figure 4 tllustrating the 1o formal crrors in the determination ot the UTPM values,
Leap seconds, and the effect on UTY ot the fong period (fortnightly and Jonger; sohd Eurih and
ocean tdes have been added back to the UT values using the same models for these effects tha
were originally used in removing them from the raw series (Yoder et al. {19811 for the tong perod
solid Barth tdes and Dickman {19931 for the long period ocean tides). However, no serui-durnal
or diurnal udal terms have been added back. Over time, intprovements to the observing systeris
{10 both hardware and software) have led to increasingly precise determinations of the Earth's
orientation. This improvement is reflected in SPACE9S by the reduction of the formal ercors from
about 2 mas in polar motion and 0.5 ms in UT1 during the late 1970s to their recent values of
about 0.2 mas in polar motion and 0.02 ms 1 UT1.

This combination, SPACE9S, has been submitted to NASA's Crustal Dynamics Data
Information System and is available fiom them by anonymous ftp to the internet address
CDDIS.GSFC.NASA.GOV (128.183.10.141) where 1t can be found in the 1995 subdirectory of

the JP1. directory.

SUMMARY

In this report, an approach currently used atJPL. (0 combine Earth orientation series has
been presented. Many of the complications that arise under this approach are due (0 the presence
of degenerate data types, and to the desire for the process to be as free as possible from the need to
make any subjective decisions. in the absence of dcgenerate data types, a more conventional
Kalman filter based upon the state and measurement covariance matrices, rathei than the

information matrices, could have been developed and used. However, the degenerate data types
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provide mmportant information about the Earth's orientation, especially before about 1984, and
should thercfore be included in any combined Eaith orientation series

The process of determining bias-rate corrections and uncertainty scale {aciors is made more
compiicated by not using a reference series. However, incthe absence of any knowledge of the true
accuracies of the series being combined, and with the desire to make the combination process be as
free as possible of the need to make any subjective decisions, an approach such as that presented
here based upon an intercomparison of the available data sets seems reasonable. But since ine
uncertainty in the values ot the Harth orientation parameters grows rapidly in the absence of
measurements, intercomparing data scts should be done by a technique that can objectively account
for this uncertainty growth  The Kalman f{ilter 1s such a technique since 1t contains a model foi the
process, and n the absence of measurements uses this model to propagate forward in tune the state
vector and its covariance matrix  The use of complementary smoothings minimizes interpolation
error. Furthermore, when using a Kalman filter to combine independent data sets, the tinie-
varying nature of the precision and temporal resolution of the measurements is automatically taken
into account, thereby circumventing the nced for any subjective decision to be made as to how or

when to change the degree of smoothing applied as the properties of the measured series change.
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FIGURE CAPTIONS

Fig 1. Nustration of the definition of the baseiine ransverse T, vertical v, lengtt b coordinate
reference frame. The positions within some rotating, body-iixed convent \gnalterrestiial relerence
frame of the VI1.BI observing telescopes (that are located ateither end O1 the baseline! arcgrvenby

the position vectors ryandre.

P

Fig 2 Hlustration of  UTY error growth between measurements i two different U SNCGHRES
“Intensive’ comple men tary snoothings.  The solid fine was gener aed by feduci pg the
measurcment uncertainties by a factor of 10 prior o cOmbinationie order to model the o
growthbetween perfect measurements; the clashed line was generated without modification of the
micasureient uncertainties. The €rosses indicate the epochs and adjusted (by the scale factor given
in Table 7) uncertainties of the USNO RIS "Intensive” measureiments taken during this time

iterval.

Fig. 3. Plots of the values of the x-componcen t of polar motion (3a), y-component of polar motion
{(31),UT1-UTC (3¢), and change inthe length-of-day (3d)as given by the Earth orientation
combination SPACE9S5. The discontinuous changes in the plot of UT1-UTC are caused by the
presence of leap seconds. Note that the UT!- UTC series displayed in 3¢ includes the tida!

variations_whereas the 1.LOD series shown in 3d dots not.

Fig. 4. Plots of the 1o formal errors in the determinati on of the x-component of polar motion (4a),
y-component of polar motion (4 b), UT1-UTC (4c¢), and change in the length-of-day (4d) as given
by the Earth orientation combination SPACE9S. The insert within panels 4a, 4b, and 4c shows
that component's post- 1984 uncertainties on an expanded scale with the same units
(milliarcseconds (mas) for PMX and PMY, milliseconds (ms) for UT 1 -UT(2). The dlight increase
in the formal errors during 1995 arc areflection of the fact that a number of the individual series
combined to form SPACE9S do not extend through the end of 1995, but terminate at the end of
1994 (see Table 1).
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TABLE 1. DATA SETS COMBINED “1'0 FORM SPACE9S

Data Set
Name

CLR UPLYOSMOL; VOL., UTO)
McDonald Cluster
{CERGA
Halcakala

DSN (IPLIYSROI; T, V)

Califorma-Spain Cluster
California—Australia Cluster
SGP/CDP (GLBYT73f, 1T, V)
Wesiford-t1 Davis
Westford--Mojave

SGP/CDP (GL.B973f;, UTPM)
Multibaseline

USNQO (N9604 15FEBY6; UTPM)
Multibasehne

NOAA (NOAAO9SRO2; UTH)
IRIS Intensive

VISNO (N960O4.INT 14FEBY6: (.J' 11 )
IRIS Intensive

UTCSR (CSRISLO1; PMX, PMY)
{.ageos

GPS (S1093P01; PMX, PMY)
Scripps

GPS (JPLISPO2; PMX, PMY)
JPL

GPS (IGS Analysis, PMX, PMY)
JPL

Data
Type

_...ﬂ,..f
S Rt
~ xR

VI.BI
VI.BI

VI.BI
VI.BI

VI.BI

Vi.BI

VI.BI

VLIBI

SR

GPS

GPS

Gls

Analysis
Centel

GSHC

USNQO

NOAA

USNO

UTCSR

SI10

JPL

iPL
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Datws
Span

D50CT76- 28DEC9S
(07APRE4- 14DECIS
TOFEBES- 1 TAUGYD

26NOVT79-006JANYG
2R80CT78--09JAN9G

2SJUNSEL- 1 FANR4
ZIMARSES- 6 AUGYR

O4AUGT9- 28DEHC9a

29DECI4-OTFEBY6G

02APR84-31DECY4

04JAN95--10FEB96

020CT76-28JAN9S

25AUGY1--31IMAY92

O1JUN92-27JAN9S

28JAN95- 10FEB96

Number
Used

K&
528
£5

S8
581

103

1y
I

1784
106
2356
269
2025
265
817

365



TABLE 2. APPLIED OCEANIC CORRECTIONS TO THE

Fundamental Argument

Tide i KD Q

Mf 0O 0 2 0 1

M 00

[AN]

0 2
1'\4"! ] 0 0 () ()

Ssa O 0 2 -

&)
2]

Period

{solar days)
[3.63
i 366
27.55

182.62
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SOLID EARTH TIDE MODE:L

Cortection

SINe COsINge
{{tsec) {psecy
014 ¥ 5%
025 2373
~9 13 {200
-75.21 1107



TABLE 3 INITIAL, ADJUSTMENTS MADE PRIOR *1'() ITERATIVE PROCEDURE

Data Se! Biras Rte
Name {1nas) {mas/yi}
LR (JPLYSMOT) VOl . LT VOI (16
McDonald Cluster 1.211 0.085 -0.741 -0.154
(0.127) (0.237) (0.024) (0.024;
CERGA ().494 0.047 0.147 -0.0[)6
(0-039) (0.040! (0.020) (0.016:
Halcakala ~-0.413 -0 875 0.200 -0.095
{0.578y (0438 (G.117v  {0.094;
DSN (IPLISROT) T \Y; i \Y
Californis--Spain Cluster 0.202 0.019 (.08G 0.011
(0.02.2) (o 06)) (0.010) (0.028)
California—Austratia Cluster 0.331 (} 128 --0.()"78 -0.059
(0.L017y  (0058) ( 0.007) (0 024y
SGP/CDP (G1.B973f) 1 v T v
Westford--Ft. Davis 8.188 1.793 0.7)4 2.174
(0.841) (4 761) {0.083y  (0477.)
Westford-Mojave 0.498 0623 o
(0.109) (0.432)
SGP/ICDP (G1.BY9731) PMX PMY Ut PMX PMY ur
Multibaseline -1.149 --1.992 0.469 0.141 .0.059 @3L.7
(0.007) (0.006] (0.0073 (0.00)3) (0,003) (0.003)
NOAA (NOAA9SR02) PMX PMY UT1 PMX PMY LII'L
IRIS Intensive - 0729 - -0.077
(.021) (0.006)
UTCSR (CSR951,01) PMX PMY Ut PMX PMY Uty
fageos 0.027 0.064 --- 0.108 ~-0.042 -
(0.020) (0.018) --- (0.006) (0.005) ---

Reference date for bias- rate adjustment 1s1993.0
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TABLE 4.

Data Set
Narne

Bias
(mas)

TOTAL ADJUSTMENTS MADIE DURING ITERATIVE PROCEDURE

L R (JPLOSMOT)

Mcionald Cluster

VOl , U0

1.059 ().004
(0. 140) (0130)

CERGA 0.133  (.000
(0.068) {0.055)
Haleakala 0.418 -0.043
(0.915) (0.745)

DSN (JPLYSROT) T \%
CA-Spawu Cluster -0071 0042
(0.032) (0.074)
CA- Australia Cluster  0.051  ().053
(0.027) (0.07 1)

SGP/CDHP (GLLB9731) T \%
Westford-Ft. Davis 3.148 --1.230

Westford-Mojave

SGP/ICDP (9731)
Multibaseline

NOAA (95R02)
IRIS Intensive

UTCSR (951.01)
1 .ageos

(3.729) (6.555)

0233 0.136
(0.210) (0.439)

PMX PMY UT1
--0.043 0.011 -0.036
(0.01 5) (0.013) (0.019)

PMX PMY 11
_ -0.027

(0.022)

PMX PMY  UTI
0027 0019 -

(0.020) (().0 1 6)

Rate Uncertaty
{mas/yr) Scale Facton
VOI, 1110 i)t tree
0. 184 0.009 1630 1154
[,0.04 1} (0 (136}
( 04 0015 1788 1 aiu

0.032) (0,021

-0.01 - 0.076 1,549 1692
(G186 (0.157;

l \/ l \
0.0)4  0.053 1.354  1.094
(0.0153 ({).035)

0.030 0.000 1.371  1.098
(0.011) (0.03 1)

T \ 1 \Y
0. 368 -0.112 0.904 (.870
(0.376) (0.657)

2326 0.954

PMX PMY UTI  PMX  PMY UT
().014 0.005 0.005 2.226 :.
(0.006) (0.005 ) (0.007)

PMX PMY UT1 PMX PMY Li1
- .. 0014 - - ().933
(0.006)
PMX PMY Il PMX PMY UTI
0.025 0.010 - 0849 0743 -

(0.006) (0-()05)

Reference date for bias-rate adjustment is 1993.0
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TABLE 5. ADJUSTMENTS MADE TOUSNO ANI) GPS SERIES

Data Sct 31as Rate Uncertay
Name {(1nas) (1aas/yr) Scaie Factor

PMX  PMY  UTI PMX PMY LT PMX PMY U

LISNO (N9604) -(.1431.249 -().75! 0.220 0117 0052 2.012 1.602 1783
Multibaseline 0.016) (0.0 12) (0.019)  (0-009) (0.007) (0.010}

USNO (N9604 INT) - - -0.945 0.166 1 R4G
IRIS Intensive (0113 (0.059;

GPS (S10931°'01 ;- 1.081-1.457 . P OS6 1,907 --
Scripps (0.035) (0.039)

GPS (JP1.95P02y  -().184 -().2()0 -- 0084 -0139 --- 3257 28000 - - .
JPL. (0.025) (0.023) (0.0213(0.019)

GPS (IGS Analysis) 0460 0.278 . 12273 3.5472
Pl (0.035) (0.016)

Reference date for bras-rate adpustment is 1993.0



TABLE 6. COMMON ADJUSTMENT MADE TO Al IGN SERIES WITH EOP(IERS) C 04

Bias Rate
(mas) (imas/yr)
PMX PMY Ut PMX bMy U
0-010) -0.059 0.046 -0.027  0.01&8  0.009
(0-012 1) (0.010) (0.016) (0.6033(0.002) (0.004)

Reference date for bias-rate adjustiment s 1993.0
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TABLE 7. TOTAL ADJUSTMENTS MADE TO SERIES

PRIOR TO BEING COMBINED INTO SPACHEIS

ata Set Bias
Name (mas}

FAR (JPLOSMOT) VOI. Uutro
McDonald Cluster -0.200” 0.134
CERGA 0.624 0.055
Haleakala -0.010" - 1.a54

DSN(JPLISROY) T vV
U A- Spain Cluster 0.178 0053
- Austrabia Claster 0.323 0.046

SGP/ICDP (GL.BY730 T V
Westford-Ft. Davis 11.357 0.576
Westford-Mojave 0.283  ().791

SGP/ICDP (9731) PMX  PMY 1J1'1
Multibaseline -1.203 -2.040 0.4R80

USNO (N9604) PMX PMY J1'1
Multibaseline -0.153 1.190 -0.705

NOAA (95R02) PMX PMY UT]
IRIS Intensive 0.748%

USNO (N9604. INT) PMX  I'MY [Jr1
IRIS Intensive -—- - -().898

UTCSR (951.01) PMX PMY [J'1'1
Lageos -0.010 ().()23 ---

GPS (S1093P0J) PMX PMY UTI
Scripps --1.091 - 1516 ---

GPS (JPLI5P02) PMX PMY UT1
JPI. -0.194 -0.259 ---

GPS(IGS Anaysis) PMX PMY  UTI
JPI. 0450 0.219 ---

Reference date for bias-rate adjustment is 1993.0
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Rure
{mas/yr)

VOI.
(0,568

UTo
-0.156

0.136 -0012

0283 -0.170
T v
0.083  0.059
-0.072 0 -0.050

T \Y
1.055 - ().090
0.028 0.008

PMX PMY  UTI
0.154 -0.072 --0.121

PMX PMY UI1
0.1930. 099 0. 043

PMX pPMY LIl
.. - -0.072
PMX PMY UT1
0.156
PMX PMY uril
0.106 --0.049 ---

PMX PMY LIl

-0.027 --0.018 ---

PMX PMY UT1
0.057 --0.156 ---
f"MX

PMY  UTI

-0.027 --0.018 ---

Uncertainty
Scale Yactor

VOI.

1

1

1

{

!

0630

788

549

i

354

REER

1

0.904

2.326

PMX
2.226

PM X
2.012

PMX

PMX

PMX
(.849

PMX
1 .956

PMX
3.257

PMX
{2.273

PMY
1.963

PMY
1.602

PM'Y
PMY
PMY
0.743

PMY
1.903

PMY
2.800

PMY
3.542

TG
t.154

14273

1 692

v

1 (094

i 98

Y

0870

0.954

UT!
2.192

UT1
1.783

UTi
0.933

UtTy
1.840
Ut
UTI
UT]1

LJ?71
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